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The orbital motion and ympact
circamstances of Comet Shoemaker- Levy 9
By PAUL W. CHODAS o DON AL K. Y1 OMANS

Jet Propulsion Laboratory, Cahfore:a Iosotue of Technology, A8 Oals Grove Diive,
Vi O 40 00 TS A

Two months after the discovery of comner ShoceserLeve 9 canne the aetons g, announce-
ment that the comet would impact Topices 10 To w1990 Compotiag, the orhital notion of
this remarkable comet presented severa!l s gl adlenvess We review the peenmpact orbit
computations and impact predictions for S0 o the prehivonary onbat solutions shovdly after
discovery to the final set of prediciions beli ¢ the vapasis The final set ol prodicted impact

times were systematically early by au avooa ¢ b 7 oinutes probably due toosyvstematic errors
in the reference star catalogs used in the ved o 7 the fragiments’ astroniennic positions. The
actual impact thnes were inferred frons thie Cuney

shserved pheno-uene £ 16 of the hinpacts,
Orbit solutions for the frapments were refin o by o ug the aotval fiapect Gnees as additional
data, and by estimating and removing 3eas om0 blases from U astrometn observations,
The final orbit solutions for 21 fragyicnts oo abinl o) alone with bnal estinaatcs of the impact,
times and locations, The pre-breakop oo b tor of the comet was investicate ] statistically,
via a Moute Carlo auvalysis. The propenmeor yncens o7 819 veas ot likely caprured by Jupiter
around 1929 1 9 years. Prior to capture tb van 0 owas i s low-cecrntrice sy low inclination
heliocentric orbit entirely inside Jupite: « o0 vt o0 Less Jikely entively ontsude ] he ensemble
of possible pre-capture orbits is consisiers w ke wopromp o Jupiter Laaily conets kpown as the
quasi- Hildas.

1. Introduction

The Tate-March 1993 discovery of wale ple comet Shocimaker-Jeny @ by Carolyn and
Gene Shocemaker and David Levy set inonooion v exiraordinary international effort to
study the evolution of a remarkable comc s v penomenon ard to witness its ultimate
collision with Jupiter (Shoemaker ¢i o/ 205 Byone the begmuing, i1 w.o clear that
the orbital dynamics of this comer were v IU had speciacalarly splic into ~ 20
fragients, most likely because of tida) dsapeior during avecent very close approach Lo
Jupiter. Preliminary orbit compuiations oo vor inmed the elocrapproach . and revealed
the surprising fact that the comet v et 11 i hit ehout the planet (M sden 1993D).
Even more extraordinary news caine sovoz bveeh s bater when fiother aabit computations
suggested that the comet would kel collic otk Jupites B late July 1994 (Nakano 1993,
Yeomans and Chodas 1993a). Farly cilia ot e udicated thar the eollision would take
place on the far side of the plauct s vieed Zovn the Eorth, but the precise Iocation
was very uncertain. After the comet cmery e fro solisr conjunction ine Devoinber 1993,
Important new astrometric measw cments Looc o fded to the data ser) and the predicted
impact Jocations moved much clo.cr 1o the Toolo of Jupies alithough they were still on
the far side (Yeomans and Chodas 19705000 0 ain he months leading up to the impacts,
increasingly more accurate predictions ob ¢ g ot thnes snd Iocations wore commputed
and distributed electronically to the o aie commnunity. Phese prediciions made
it possible for the extraordinary irpar ovoino 1c ne wellyesordd by wn v ecedented
artay of ground-based and space-based s e

Orbital computations for comet Shovina e by 0 Geferred ta as S1Y hercafter) pre-
sented several challenges beyond whir i ncne oy the cose for comers sl asteroids.
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Because the comet was in orhit aboue
paramcters such as jovicentric positions
centric orbital elements, impact tines, o
the comet had fragimented into o string, o
tion to use as a reference point, astiome
referenced to the mid-point of the s

mid-point was abandoned in favar of frac i

requiring, that orbit computations i i
Determining the orbits for some of 11
astrometric data were available for tlo
disappeared completely as the come o
of fragments was a problem, as they wer
Detective work was required to sori o
spired 1o add confusion, when & teleccop
unknowingly shaken during, the Janun
effect of the carthquake on these asorone
resulting large orbit residuals,

Accurately determining, the naotins ol
offered additional computational chellen
requited the modeling of the pervorh v
oblateness.  Also, as the fragments appe
non-lincar. The fact that our softwar us
partial derivatives required in the orbirad
integrated along with the comet’s oo
differences, allowed us to refine the o hit

In the next section, we review the pro
tions for S1.9, fromn the preliminm v ol
of predictions before the impacts. We e
the observed impact phenomena wer o
inforred. We give a compilation of the 1
Following, this, we describe how the o
using, the actual impact thimes a< aad tin
W
ments, in both heliocentric and jovieenn
of the impact times, locations, and ;o
Finally, we discuss the pre-breating o bit
gated statistically using a Monte Carloon
was likely captured by Jupiter, and oo,
orbits.

\

Lt
peilt

from the astrometric observations.

2. Pre-impact orbital analyscs m

The carly orbital analyses of S1¢ v
broken up during a recent close appiiaed
strong: SLY had split into a laype mo b
and it was currently situated only f degn
Tidal disruption during an approach to

body is a common mechanism for coners

Lo split aftey close approaches to thy »on

after approaching Jupiter to ~ 2 Jupite 1.

Ltvde molime and fegrict cincuasiances
Jopite and wie heading Cor o anpact, new
g ove ocitios novaniows reference frotnes, jovi-
ad o aet Jovations had to be computed. Sinee
nion bhowith no obvions et cerar al condensa-
tron surements and erbit computations were
b was rather i-aefined . Pocntually, the
et approeximately 20 andividual fragments,
et redictnns be yepeated {for each nucleus.
e Pagnee oty was dfhienlts s oo very little
oy bserved objeris, Sone of the frapments
Dot while othiers sphit, Proper identification
Someeomes mislabele din the a~tromenic data.
e e ddentines. Pven Mathes Nature con-
oone g SO from Kitt ook in Arvizvona was

Vo0t eardhounke tesouthern Ciovifornia. The

1o ob cvahions wasdetected ot thiough the
. cmcnts close o the July 13 hmpacts
‘ J i need for aceurate hinpast predietions
e of the Galileaw satellives nd Jupiter’s
ol the planet, theh motion became very
d oo nsble inteararion step sizeand that the
e stial cotrection process were numerically
b than bhoong spproxinatod using, finite
oot ns riehr up Lo the tires of Jamact.,
1opsec orbit comnputs tions and impact predic-
o oaticns shartly after discovery to the final set
iy e postlipact analyses. indicating, how
pootesand how the actoal npact times were
vecod Doy events e the observed Dight curves.
solut s were improved ofter the impacts, by
Ve and by removing, messin o ment. biases
taoabe o ow dinal orhit solutwons for 21 frag-
ot Next, we pre-ent our faal estimates
viess oodenived from the final osbhit solutions.
Fhre oy of the comet, which we have investi-
e e give oot estimate of wlen the comet,

feriee 519 possible pre captine hieliocentiic

d epacet predictions

bl on the supposition that the comet had
Codopter The ehrcanstantial evidence was
ool aements inoa well orgeanived geometry,

strorhe Logest plinetin the Sl Systemn,
A b the Rochie Tt of o e perturbing,
v o=pli ng. Several comets have heen known
and ooy P/Brooks 2, s known 1o have split
d 00 i July 3886 (Sekaning and Yeomans
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1985). Thus, the supposed breal up secnz v wonld not he unprecederned. 1H was far from
a certainty, however, ag comets bave b soonosphit spontarcoasly, wher nowhere nea
a large body. The day after the svnonmy wa 1 the comet’s discoverve B G Marsden
published a very preliminary orbit ~ohit on i which he used the assamption of a close
passage by Jupiter (Marsden 109507 Hacveng ations suggested thet the comet’s close
approach to the planet had beer & o dieraeee 1 0.04 AU in Bite Jaly 1990 surprisingly
accurate considering how little dita wore v o the Hlation, Tr woold be many weeks
before enough astrometric data becno sl to contim thar the coet had indeed
made an extremely close approach to Jop tor o July 5, 1992, ar & distance ot only 1.3 1t
from the center of the planet.

Computing, the orbit of SLO i the firs paonrt or so atier ivs discovary vas very difhi-
cult. Few astrometric measurcieents wir- varlhle, ard the snesence of reimrby Juplter

introduced a large nonlincarity mto he bt Cmpnictions. Paihenmore, STO had no
single central condensation to serve s sore cre e point for Gatiometric nreasaremnents.,
Since the individual nuclei were not casils soso’ - able by mnany observers: the convention
was adopted to measure only the contor Hf the mradn of nclei, the raid point of the bar

(Marsden 1993b). This simplifying cosovayoior reatly faeilitated astrometiy for many
observers, especially amateurs, who provede fo wrpe fractinn of the early measurements,

We certainly would not have learned - 1o we did about the orhic of 519 as quickly
as we did without this convention. Howevoo the conter of the tratn wesiathe: il defined,
and different. observers placed it at diflero e oo is n the frain, according to the extent

of the train cach could see. Moreover, asth e oth of the traia grew, esoons in locating,
its center also grew.

A week after his first orbit solotien - Nador (19801E) obtained an it oved solution
which indicated a surprising nesw oot S18 ppeared 1o be in orhit shoat Jupiter.
This was also not unprecedented  Coonsg -4 1985) hvestipoted the Longe-tenn motion
of all periodic comets with well kuovr arbits ood found several that had cither been
in temporary Jupiter orbit in the pasooor vanl coter temporary orbit in the relatively
near future. Tancredi ef ol (3980} investi aied o temporary capture of comet P /Helin-
Roman-Crockett by Jupiter duriing, inte v il cor cred on close approsches co Jupiter in
1976 and 2075, Using more 1ecent orlin = hition  with nongravitational eftests included
when appropriate, we studied the ycrinn - ol < ven conncts other thim 819 that either
have been, or will be; temporary sateltite o Jrogter (Yeomaus and Chodas 19940b).

By carly May, the span of asitometiie ol Gtions wes suthcient)y lons to begin to
reveal the true collision trajectory of the oo Amatemn obwavers had contributed a
large number of valuable measurcinente o d o 1oae and e of these we: e used, orbital
computations by S. Nakano and Mar~den b ao o indicate the possibihiy of jmpact in
July 1994, Now, this was truly unproo dente Miarsden alerted ns of this exciting,
development on May 21, and provides thio v ot of 1econt asdomehic e s ements.
We itmediately confirined Nakano an b M oeden o cotupratitions, and computed that the
probability of impact was about 50% () v ofivare had just recently been angmented
with the capability to estimate probubo it i pact, in preparation for o <ondy of the
hazards of near-Farth objects (Choda 1953 Yo nans and Cho las 1095). [ e diamatic
announcement of the impending collicr v ae oo od the nest dey (Mavaden 1003¢), along,
with Nakano’s orbit solution (Nakano 1423} O of on initial orbit solutions appeared
in the Minor Planct Circulars shords af o /Yoomans and Chodas 1993010 Within a
few days of the impact announcorment, as riore astrometric dita heearne available, the
probability of impact rose to 64% (Yoo oo hodas T993a), and iC1eached 95% only
a week later.
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Figure 1. The orbit of comet Shocmadker 1oy % out Jupiter, a~ viewed frerm the ditection
of Marth on May 15, 1994, The lerpid oo it com of the train of fragmerts are shown to
scale on cight dates. The train is neady aliyo < d a0 the velocity vector, exeep: near apojove,

The orbit is somewhat foreshortened in thos 0w v F e major axis 1ises cut of 1o plane of the
diagram towards the viewer at aun angle of abone 26 Sepres

To determine the basic charactesisics of SE s orhie and s impendinge impact, we
quickly modificd our software to provide e trie information) inclnding pasition, ve-
locity, and orbital elements as a hoion o G0 It become Jem that the comet was
approaching the apojove of an exirein )y v o = orhit about Jupiter. with eccentricity
~ (1.99 and apojove distance ~ 0.35 A1 (e ¢ Lig, U By Bane 3, we had detoymined that
the impact would oceur in the roid sonthe o Lo ndes of Jupite) and. unfortunately, on
the side of the planct facing away hons Jale We delined i pact 1o oor when the
comet reached the one bar pressure lovel oy or’s stimosphe-¢, which we modeled as
an oblate spheroid with radius and fla tenng pooo by Davies o ol (1992) Vinding, the
moinent of impact in these early colutiong o i seavehing thnongh tahle of numbers,
but we soon automated this important fon Co We also wrote software 1o compute and
plot the motion of the comet in var:ows oo oens e framen, which helped ic visnalizing,
its trajectory (Yeomans and Chodas 1990 ) Wil it we deternmined ther the Galileo
spacecraft would likely have a dueit v b v Impact, although this was o from
certain because the predicted impaci vas gt o the Tinh.

There was inuch more to study with thidy e ally fascnating object oy one thing,
it had a whole train of nuclei to consider. AL 510 assed through apojove srennd July 13,
the question arose as to whether the tavecate o uld veverse their order on the sky as
viewed from the Farth. After all; they Liad st 4 the corner” and were hoadng back to
Jupiter. But iu fact, the appearance of t1c - ah did no (hange becanse e fragiments
were not all on the same orbit. A useled anadog vds to think of thiowine & handfal of
pebbles upwairds, cach receiving, a slivh ol ditiere o vertical velacity, The slowest pebble
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trails the others going upwards, but 1 cihie ts apex first and s the frst to hit the
pround; furthermore, the separations het v Y pebbles merase monotonically during
their flight. With SL9, the castern- o=t aon cn trailcd the o hers an the suthound leg,
reached apojove first, and becarae the le dorp ragment inbouad. The fracinents passed
through apojoves in sequence over o perod of @ few days, while the o continued s
expansion and remained approximately o ate s at Jupiter throupho ot

As 519 headed into solar conjunction i b July, other smportant o estions were
being, raised. Would all the fragments co/liie b Jupites? Would anyv of them iinpact
on the side of Jupiter visible fraan 1ol

nhetonatedy, no o stromcet e ceasurement s
of Individual nuclel were available for coripatin - orbit so'utions. In anticipation of their
availability, however, we wrote neve softcine U investgare how shipht viniations in an
object’s orbit at one epoch would afte v pos tion on the plane of skv at later epochs,
We would soon use this software to stney che tidal spliviing of the comct and explain
the appearance of the train. Scottr sud Al b (19931 used o sitnilin wodel when,
armed with Scotti’s measurements of 11 ssin ngth and orientation, the, detenmined
that the progenitor nucleus necded to b only 1 ki in radivs to explain the observed
train dimmensions, assuming, distoption ocnied ot perijove. They also determined that
the entire train would impact Jupite: oo o eoriod of 5.6 davs. With Scotti's train
measurements in hand, and using, then ccaungons, we condined these results and
furthermore determined that all the opeats wounld impact Jupiter on the far side as
viewed from Farth,

The first astrometric measurcinent of andiviooad andded became availalie in Qctober
1993, These were positions of 21 fraene s orained by Jewit eof of 11993) on four
nights from March through July, 1904 The 1o citions were oflsets fiom the brightest
nucleus, designated 7 in Jewitts numborin soste o0 In collaboration with 70 Sckaning, we
determined the effective time of tidal disyastin . vd the impalse eaeh fraenens must have
received inorder to appear at the oboorved el tive positions. T his approach provided
the fiist orbital solutions and pre-licied in piot o es for indivicual frapments, which we
denoted A through W (Chodas and Yeo nans 9498). Because the relative times were
known much better than the ab-olut: time., thiese first impact time predictions were
given relative to the impact time of the venter o he train The relative tinae al) turned

out to be within 40 minutes of the aovcsl vgoct tinee relative to the coenter time,
remarkable precision considering the juelicion for each fragient vas based on only
4 mecasurements taken over a yesr beliae npac This accuracy atlests to the precision
of Jewitt et al’s measurements, aud mndi wres v great utility of the tidal distuption
approach for computing orbit solutiors - O 1 aa b - solitions indisaced “hat, 1o match the
observed position angle history of the tien 000 001 dopree leved, the ol tive time of

tidal breakup of the progenitor comer il ta b 2.2 i wlter perijove passooe in 1992,
From this and other evidence, we conchnde 1l he radive of the prosenitos comet was
probably ~ & k. (Sckanina et ol 1911).

Other important predictions requited it this wone ineluded the expected uneertainties
of the predicted fmpact times in the inst wicks and days belove impaet. The impact
titme accuracy was required to plan sinpn © ol cvations, especially tho-e 1o he made
by spacecraft, which had to programeed we b advence of the event. The sate of de-
crease of the impact time uncerininty dooe e apon the nunber of the astrometric
measutcments used in the orbit solutinn- < ve' as their quality, Assuing a conserva-
tive 9 measurcments per month and o Lar s v sutement acomacy, we eocanated the
I-sigmma iiupact time uncertaioty ¢ moath bofore anpact would e~ 13 inutes, and a
week before impact, ~ 7 minutes. Hoonly 10 i o meas nements coald be made on the
two days before impact, the uncer tainty wonlil ¢ op to -~ 3 minates, Clealy, the most
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powerful observations for determiving, irgr.cr times were those closest tr iopact. Bt
how close to bright Jupiter could the fia co 0 ary fragments be observed?

In November, the first batches of aby Jote ctrometye measarenients or individuad
fragments became available: 1. V0 Soot e D Meteale poovided 200 mcasirements
obtained from Kitt Peak over the pevioed Noooh tharoueh July, avd A Whipple and
1" Shelus provided 54 measurements ohes nod i on MeDonald Observators ciken in April
and May. Marsden (1993d) used the Wit Peoodata vo compare the fost independent
orbit solutions for individual fragicn - 1o o w0 dions which 1o ide no ass imptions about
the tidal disruption process), ard we ns o b observation sets in shon o solutions a
few days later. Only the nine bhrighees faeme < (B0 GoH RO, QO ROS and WY had
cnough astrometric data to vield well o o4 solmions, Uhe i pact times derived
from these solutions were about 18 Loy oo vdie han those based on the s enter-of-train
solution and relative astrometry. s oo v anos Cikely dee 1o coers i Jocating,
the ceuter of the train: the cast end of b e i gnay have beon too faimnt G be seen by
many of the observers. The new orbit sl Conessapereedod the comer-of teadn solutions,
which were now abandoned; astrometsy ¢od o 2 compulations ot this trne onwards
referred only to individual fragiment< 1F o nmp 0 time nneertdnties astnliv inerecased
slightly with the new solutions, beciara €0 ¢ rac —ents had fewer macasoren ents than the

center-of-train orbits, but at least the < s v ere now ted 1o well-delined points.
The emergence of SLA from soln co v o an was greatly anticipared. AN ouph atten-
tion focused on possible changes i the aypg core 0 of the comer, we wore andons hecause
new astrometric data would diavaatically iniprcve the orbit so unions. Ou Dlecetaber 9,
sooncr than expected, Scotti recovered 1l -~ ore 10 Althoagh the tran hod lengthened,

the fragments appeared much the sone o Scre conjnnetion Marsden 11993¢) com-
puted new orbit solutions for the nine b cores fragments and found thin the iimpact
tites were almost a day carlicr thar o previc o oseluticnse We confinne: Marsden’s
computations, and found an exciting 10w el he prodicted impact locacnms, though
still on the far side of Jupiter, were rone aah closer 1 the motuing, terseimator, only
5 10 degrees behind the limb as secn oo the Doath, winh the Toter impats closest to
the limb (Yeomans and Chodas 1993, Coo e ond Yeomans 199 16), 7T he impact sites
had also moved well onto the herisphiore ~wible o Galileo, Wonld the predicted impact
locations continue to move towmds th i bt possibly evers onto the nean side? Un-
fortunately not. These would be the e [aree wanges i the predictions. because the
orbit solutions had become relatively woll Gover med. Baced cn Monte Convio analyses
which used actval orbit uncertaintics oot b ons, we concloded that thore was little
chance that any of the fragments wonld oopo e = side of Jupi-er visibhe te the Farth.

In mid-December, our impact precic toon < toze aer witho orhital elements ond ephemn-
erides for the nine brightest fragments. voen posted on the speci DSBS clecnonie bulletin
board operated al the Planetary Do Svat s Small Bodies Node an the University
of Maryland (UMD). Over the remaininge woocn nonths bofore iinpact, we posted over
a dozen more sets of predictions muwe sy oot £ data, The predicted pocamncters in
our tables Included impact time, joviees o latiade, menidian angles and the arth-
Jupiter-fragment {(3-J-F) angle at iinpact 7 hic Latter angle folicated hov far behind

the linb the Bnpact would oceur. Fhe nonroh o angle was delived s the jovicentric
longitude of himpact relative to the wtdiig ot e ddian, measored towands v morning,
terminator. This relative longitude v oo oo b more accurately than the Jupiter-

fixed longitude, because of the Targe vieer o oty 0 the impact thnes and Joniter’s fast
rotation. Basically, the approach traj cic v of «sch haogient wes known mach more
accwrately than the fragiment’s location ororaar 1 Jectory ot any given time, Predictions
of absolute jovicentric longitude were not meindg 1 in o tablos until Titer, when the
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impact times were better known, Al a

cod bt were predictions of satellite longitudes

at impact for four of the inner jovian sat-loes Smatther, Jo, Fonopa, and Ganvinede,

kindly supplied by P. D. Nicholson.

Keeping track of all the fragments v o cortmual challenge, Not only were there a
lot of them to consider, but caclh seemed 1o Teve o its ovn personality, T Jdomamy 1994,

only seven fragments (G, H, K, 1. QLS00

a W bad well-estabiished orbit solutions and

consistent impact predictions, while seluri o oo boand Koremained a little eovanie, as they

were based on fewer measurements, |
data to determine reliable independesnt oo

ool the fragments had too lintle astrometric
viosol tions. o we anplicd ome tidlal disruption

model as we had done carlier, althoned pov v varied the o bit of fragnnnt () instead

of the orbit for the center of the tram |
became available, the solutions for fvae
and fragment ¥ graduated to the group

o che nd of the month. as more observations

nee boand Ropceame consistent aeith the rest,

ke e cpeadont solutions. The fmape of S1.4

taken by the Hubble Space Telescoge rhis 1) late Jarmary 1evealed chinges in the

S1.9 menageric: fragments J and N hod
P- Q region had clearly split. Yo o i

1

By ared completely, and fragents in the
ther was cenfusion in identifving fragments

in this region, with N identified as P ol the booob-ragments identified a~ Q3 and Q4

but by mid-IFebruary the P1/P2 ane 0

SO amenclature was establisbod (Marsden

1994a). Corvectly identifying the fointes {aen cnts in ground-based observations was

a recurring problem, as the fragments w
checked observer’s identifications by com
from orbit solutions, but this was i i

cooof nonear the mits of detectability, We
paving hservations apainst posicions predicted
peitecs orocess becanse the orbit solutions for

these faint fragments were not wioll-sotesnieed -1 her,

By late February, independent o1t
by both Marsden (1994b) and oursehes,
plus I, N, and 1’2) had solution- r1¢iishl

(Chodas et al. 1994). By carly June we b

fragments but Q2, although the mnpae
and U continued to be erratic for sives
diflicult, as it had very few measmem -
from QI, Sekanina (1995) applicd on ¢
broke away from Q1 in the Marcli Ajad
of S1.9. Not until July did the seippnation
many ground-based observers could
independent solution for Q2 in the Lt w0

In April, we upgraded the dyvnamic.d
impact predictions.  Up until this fimre,
by the sun and planets, with planctaay p
ephiemeris DE200 (Standish 19905, 13ut 1
cphemeris D15245, and refined our yeosded

soluttor - had been computed for 10 fragments

Weaos chordy 12 frasments (Uie otiginal nine,
cnove 1 to be veed o opae predictions
oo oted indcpendent orbic solndons for all
edicr s for the exnemely fam fragments T
Joo o weekss Frarment QU was especially

Vsl HST roessurenoents of the oflset of Q2
- upton model to cetermine that Q2 likely
RN od, tiehit atonnd the thne of (ii%('()v(‘l'_\'
B0 Q) e Q2 incyease to the point that

wve th two fracments; we fina v adopted an

ol poodctions before ivg hapact,
el used inoour orbit determinations and
we lrooused only point raass pertin bations
sithonocand masees token brom JP)L planetary
voove switchesd] To the tnore aecmare planetary
to e rade periurbations due to the Galilean

satellites and the J2 and J4 zonal havinoni toare of Jupiter’s gravity field. 1 he positions

of the Galilean satellites were coroputed n
while the parameters for Jupiter’s gronvity

e the analytic theory by Yac-he 01977, 1994),

ot v cobtained from Camphell and Synnott

(1985). Since the SLY fragments appros iud J ooiter from the sonth, and smpacted in

the southern hemisphere, they did noc o

a1 the Galilean satellites < their final

approach, aud, as a result, the inclusion of 1he atellite perturbations had only a minor

cflect. on the impact thnes, Similanly, the i

made only a siall difference inc the predins

were important in the long term bark .

in section 6.

chisic of the Jupiter oblateness perturbations
Ayt times Both perturbations however,
Poate ration of the comet’s motion, discussed
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As SL19 passed through opposition il A il Mayv 1999 peviod. the nmnber of as-
trometric observations increased dramats o lv, o ad the measurenients thomselves became
more powerful in reducing arbital neceriamtie  simply becanse the Fariho was closer to
the comet. During this time, the predicr e o Ded towards Tater impact tines for most
fragments, until, at the end of Mav. thes v hout an how later than they had been
in March. Meanwhile, the formal inpac tane ncertatntios tell from about 30 minutes
to 18 minutes {1-sigma), for the brightes Gooronts, The duift in hmpaset Hnes reversed
itself in June and carly July, with tivor- shid e o vlier by 300 50 winutes onsveraee, while
the impact time uncertainties fo'l to le s thoar 0 minoe . The pelatively Tape shifts in
predicted impact times were a concern i the po Hd from mid fune to canly Taly, as final
predictions had to be made for vse o1 Ui o hapact obeervation soonences. The
spacecrafl was progrannmned 1o ehserve carap o window of only 200 60 ntes aronnd
cach of the predicted times. A« 1t turne L sat of the 16 impacts observed by Galileo
instruments, only one was misscd bhooanse o

vt shifted our of the olisercing, window.

The most likely explanation {o3 the fov o -bcin the predivred mpact times was the
presence of systematic errors in the yclero e s catalops used by observe s ju reducing,
thein measurements. Star catalos, croons o e magor error source for precision orbit

)

determination of comets and astroids. Sonce b keround stars in anastremetric image
are used as reference points in determining the noction o e obpect of tntere . systamatic
crrors in the tabulated coordinates cdd orope: motions of the reference wars lead to
systematic errors in the deduced positicns Lo 10 object. Mow of the astrometric data
for S1.9 were reduced with respest wo vir-cons o 1.2 of the Hublde Spaee Telescope
Guide Star Catalog (GSC), which conains cys vipatic envors of ~ 0.0 aresee for somne
regions of the sky. These errors are sipnific a1l cvger than the typical erronsincurred in
actually measuring the position of the ron Jo v i the hicare, which could be as small as
~ 0.2 arcsec in the best ground-based ob vrvat s Inowr orint solutions we modeled
measuretnent crrors sitnply as zero mean Gaeesd o noise, snd vsed a standand deviation,
or noise value, of 1 arcsec for most oherv 1o 1o account for the stin catalog errors,

Since the most powerful astrometiic dioca for reducing uncertaintios i the predicted
impact times would be those data tal e oaeat 1o impact, it vvas especially mportant
to try to reduce systematic star cataloe v in the repilon occupicd by the comet
near impact. 1o this end, J. V. Scotd oen soned ond disaibuted aospecial rofimence star
catalog, for the region traversed by the comat ot fast werk before impeet Scottimade
oftset corrections 1o GSC reference stans be diiloy i cing the positions of stirs comnmon 1o
the GSC and the more accurate P'PM cot hoe Voeser and Bastian 108G Onservations
reduced with respect to Scotii's spocia! ca slog viere assigned 2 noise value of 0.6 aresec
in our solutions.

A pre-publication version of the Hippar o st catalog, kincly provided by ML Per-
ryman and C. Turon of the Hippareos proj ot was used by B West and O, Hainaut
in the reduction of a number of obscrviic s fro the Furopean Southern Obseyvatory

(1S0) taken between May 1 aud July 114, 941 2cause the Hipparcos catalyp is known
to be highly accurate, systematic star cota e crnors should be Lrgely absent from these
measurcinents, and we thercfore ausiprod e nolse values of 003 avcsce in o solu-

tions. The posi-fit root-mean-squre (s ¢! the BESO abcrvation yesidnnds was about
one third the size of the rms of all the yead taals

The BSO group was able to obtain avoanetr: fmages close 1o Jupiter, with enough
sensitivity 1o sce even the fainter fragments Ther - were the last cstrometyic ohservations
taken of eight of the faintest frapiments, o np fenn 2.3 10 7 days hefore imypeaet, Several
other groups attempted to observe the N19 e ents even closer to itupeet by using
coronogiaphs (o block out the light ficon Jiparar St this proved to be aove v difficult
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task. Only two groups succeeded ool ta nihn e astrometiic data using, this approach:
D. Rabinowitz and 11, Butner at ) as Canngnoas stained the las astrometnie obser vations
of fragments I, G, and L, with I ~con oody 3010 davs bofore its fmpact, and DL Jewitt
and D. Tholen on Mauna Kea obtaine! ~he oo asttomctry for fragnents 12, 02, Q1,
R, and S, with P2 caught only 1.30 dias bif ve its mpact. Ohservations of several
fragments even closer to impact were 1d - by he Hubble Space Telescope, but these
did not provide astrometry, except for anea e went of Q2 relasive 1o Q1 within 10 howrs
of the Q2 impact.

Our final set of predicted ftnpact porarne ors was issue an the UND e eail exploder
only I hours before impact A, The e Crinne vocertaintios were downin the 30 minute
range (1-sigma) for most of the fracpncrnis not e b diflaent fronc our origina? projection
of 3 minutes made nine months eivlior shiher oh for inost of the frapiuents, observers
had not been able to obtain astromictry o cbe -y impact as we hiad hoped, they had con-
tributed many more measuretnents th o v wad  nticipated  ahout 3200 i total, spread
over 20 fragments. Ixtensive and aceo at-
eral observatories, including Cataling Sedcn foavaha, Klet, Xuma Kogen, La Palina,
La Silla, Mauna Kea, McDonald, Sidive Sy Steward, and the UUS. Naval Observatory
at Flagstafl. The highly-accurate Hippa ceo boed astrametny was also unanticipated,
and it contributed greatly to the ascouras . of t0 - orbital solutions.

Lroetnie dera had been yecenaed from sev-

3. Fstimates of impact times fromn obeorved phenoincena

During and after impact week. oue st cnnier 1turned to the problem of deternmining,
the actual impact times, based on the vnine  observed dmpact phenomena. This
was especially important for maximising the cctaoretern from the Galileo spaceceraft,
which had viewed the impacts ditectly  Beoan o of ditirulties with its nion antenna,
the spacecraft had recorded most of 11§ prer observitinas on tape, and could replay
only a siall fraction of the data back 1o 1 with Accarate impact time estinates would
help to quickly locate the portions of di-a obt o ned amonnd the times of he impacts,
Fortunately, observers using Farth based olowcoses and the HS'T had detes od a variety
of iinpact phenomena, and promptly mad: the thaes available on the eomail exploder.

After the first few impact events, it b ol o that o preBicted impadt times were
systematically early by 5 10 minutes. 11 conclusion was based on the assumption
that the impacts occurred around the 1hae of the eariiest phenomena for cach event.
Although various types of impact obsorvations - qereporied, the most 1obast and con-
sistent, set were the phenomena seen e b near ifrared and ndd-infrared wavelengths,
These light curves followed a consisiens parter o starting, with a precavsor flush) and
sometimes even two, followed -~ 6 miinte Jete, by the stert ol aodranatie iightening
which later became known as the swaig e oot 1 his sorprisingly bicht featue peaked
about 10 minutes after the precursor fsee 1t ol pter by Nicho son for details).

The interpretation of the IR licht v feanees was initially puzzhing, with the un-
usual viewing, geometry complicating, e a vendy poaorly-anderstood process The limb of
Jupiter just barely occulted the impact e &od Jupiter’s rotation nonghs them into
full view anywhere from 20 minutes lorer for doact A, to 10 minutes later for W, The
precursor was generally believed (o he as ot b with the impact iiself) bat whether it
was the meteor phase being obscrved divec v oo inindirect viev of the impacet explosion
rcflected ofl incoming cometary debinis | was not lear. Based oncour predicons of how
far behind the b the impacts occurrec the veeteors would have to be very high in
Jupiter’s atmosphere to be visible from Veotho e pecially for the canlics innpacts, The in-
terpretation of the main event was alse v creain It conld not he the plume 1ising, above
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the limb of the planct, or the plue ciaping into sunlight. bhecause models suggested
this would occur only a minute or twa a et apact (Boslovgh of ol 1010 Anotha
possibility was that the mwain event wos siinpl. the iimpoct site rotating, into view, but
then there should have been a variation o the ©me hetween precusor aed main event,
according to how far behind the Hoh the yoips - ocemred,

Confirmation that the TR precursor~ o e near the time of impace canee from pho-
tometric observations obtained by the 1o o daiimetsr Radiometer {PPRY instrument
on board Galileo. Transmitted to Tt ithin day of the events, the PP Jipht curves
of the 11 and L impacts displayesd o 2 e o to peak. followed by a plareau and slow
decrease, lasting a total of 25 35 s (Mar o2 07 19854 The sharp vise was interpreted
as corresponding to the final moments o e b dide’s tajectony, while the plateau and
decay were due to the subsequent expand o a1 coolimg tivebail. The times of the initial
PPR detection of the H and I iapiers nooaehn o - he thnes of precmsors fiiches 1o within
a minute or so, although most of the 1eported 1 ashes followad the PPR st times by
about 1 minute. The PPR times also proviied the first secwate ealibraton of our pre-
dicted impact times. The predicdons for 11 gm0 were anaverape of 7ominotes early, an
effect we subsequently concluded was due 1o sy tematic crrors in the star catalogs.

Shortly after the impacts ended, we cornalic ur best estimates of the cotual impact
times, based on the reported times of v ob oved phenomena (Yeomaes and Chodas
199:a). For impacts H and L, we sty -y abc e che thees of imtiad detestion in the PPR
data. For the majority of the othor ymprovas el hand consistent reports of precursor
flashes and nain events starting o 6 o ate< b oer, we generally tool the impact thme
to be one minute before the flash thne o0 - 60 nates before “he main everd start. We
also considered a set of impact 1iroes dereroine G from measorements of the longitudes
of impact spots scen in HST finages (H o wone o el 1995). The measmce longitudes
were differenced with predicted longitude o oneerted to time differences by dividing by
the rotation rate of Jupiter, aud added curo toc predicted inpact thoes. These thines
could only be used as guides, howeve, e thon - emesd to he nneertain by % 1 minutes.
Finally, for fragments with noobscivedinps 1 v nomens we sitply added o empirical
correction of 7 minutes to the prodictd 1 e times (Chodas and Yeoonan- 1991b).

The estimates of the actual pnpac: tiv e0 v o used to position the Galileo tape for
playback of sclected portions of the covid i the period frome Aupest 1904 through
February 1995, hinages of impacis K. No o 3V taken by the Solid State Trnaper (SS1)
were successfully returned, as were tme ©ones ¢F spectia for inipacts Goand R taken by
the Near-Infrared Mappiug, Specirometer (NN and Ulnaviolel Speetrometer (UVS),
as well as a PPR light curve for smpact & )1 Galileo date yielded aceurate impact
times for a total of 8 impacts: G, H, 10010 NC QO R, am Wb ne new dnipact thne data
confirmed our couclusion that the iy b proda tions were ~ % minutes earls,

The NIMS light curves for borli G e 1w ved tvo phaves o fiebal phase, due
to the hot, expanding plume {ormed from the fmpact exploson, and o splash phase
attributed to plume material falling bk vnce o attnosphere, heatine, it ane producing,
thermal cinission. For both the G and Vocveane he splash phase started - 360 seconds
alter impact, and continued increasnip, for < vers minnes, throveh the cind of the data
sets {(Carlson et al. 1995b). The delov borveer impact aud onset of the splash phase
seemed to be an intrinsic property of Cic iopnen Furthennore, it matched the 6 minute
delay between first precursor and maiv evoar st seen o pround based W lpht curves
of all the well-observed impacts, sospistie thir the onset of the main event was not
controlled by obscrving geometiy, and the repios of atmospberie heating vas directly
observable from Farth for most, if not ol the finpacts (Zahnle and Macloys 1095).
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With this new picce of the puzzle in poace. o convincing, explanation of the IR light
curves was proposed by a number of autaons, socluding Bosloagh ef ol (1995), Zahnle
and Maclow (1995), Hamilton ¢ o! {19900 ar  Nicholson et al. (3095}, The scenario,
described in detail in the chapters by Nieoleon oad Schaniua s sumnsnized as follows.
The first precursor (I°C1) is due to thern al ey sion of the meteor trail in the Jupiter’s
upper atmosphere; its flux peaks as the bholul passes hehind the b, vanging, from
~ 1b s before impact for fragmont A o~ O s before impact Tor W The iipact itself
occurs at the initial peak of the PYH an i 5SE heht curves, and is not vicible from the
Farth. At ~ 100 s after impact for A decreas e to ~ 30 s afver impact for W a self-
luminous fireball rises above the T’y o Fae b view, eiving nise co the start of the
sccoud precursor (PPC2). As the lireball riaes ad expands, the TR flux mereases, but
the plume rapidly cools, causing, the sipni o tod cays SUisiog, the plume cinerges into
sunlight, and rcaches a maximum height ¢ - 3000 ke above the 100 mbar pressure level
about 8 minutes after impact (Hanooe! o7 <7 1595)0 NMeanwhile, the miain event (ME)
starts ~ 360 s after impact, as plome et i begins splashing down onto the top of
joviau atmosphere.

Table 1 sumnmarizes, in chronologio:! coder, e times of key everts in the observed
impact phenomena, from which we canaafir v actoua] hinpact times. The list is not
meant to be exhaustive: it includes onlv the booth-hased infrared obhservations, events
obscived from Galileo, and relevant i frore ST The data were obtained from
published reports, private communication- and  survey of the participants at 1AU Col-
loquium 156. The listed times are gerera ivoania exposure times, while the nncertainties
generally reflect the sampling tines o the Chse vations.

We estimated the actual impact tsen By tinti o) the tines of the observes: phenomena
to the generic interpretation of light corye - deeniliod above. These estimate s are included
in Table b, along with a host of other roniie hich are diseassed later. As an aid in
interpreting, the impact phenomaena. vwe boove nofuded in Jable 1 the time: of observed
events relative to our estimated impact toes 100 For some of the impas events, the
interpretation of phenomena is vnecrintn o ou imed in the following paragraphs. The
orbital solutions referred to in these note a e cecussed in the next section

e Impact A: Hammel et al. (31995) <ooec Uthe s the HST image contared ar 20:13:23 U'T
shows the bolide, since the next frawe:, oonterec at 2007518 U shows nothing. Herbst
el al. (1995) arguc that the bright pixels o the arst HSE frane are doe to the plume,
since a precursor was seen from Calin A to oo two minutes eanlier. Wy then does
the HST frame at 20:15:18 show nothing? P oesinly beeause it was a snort c<posue, and
possibly because the plume had cooled ani bod ot yer cmerged into sunlipht. Although
Herbst et al. could not identify which prec - bey savw, due 1o o data oaraae, It seetns
likely that it was PC2. None of the ipicrs o lier than G oproduced fivs precursors,
as they were simply too far behind the liabo 1 ovhe preasor really was PO2) however,
it occurs somewhat too soon after om et impact time, which was derived from
the ME start time. 1t is possible thar the ioope - ocemred ~ & minite carlier, and the
main event start, was delayed becmse the plast aea was entively beyond the limb. The
orbital solutions certainly favor an carlur v pa

¢ linpact B: The 17-minute dmatiom ¢ the cint evern observed from Keck sugpests
that it was a faint main event, and om irap .ot Lime extimate is based on this interpre-
tation. However, the orbital solution cieoo b £ 18 a Tater inpact time, indicating, the
Keck observation may be a long sceord precnts

e Iinpact M: We assume the faint Taips io0in seen from Keok was o voy faint main
event. The orbital solution for this losi Tapmer s so poorly determined that the pre
dicted impact time cannot assist the nterprers on,
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¢ hpact Q2: We have assuned the oo o obsesved ar Calar Alto was PC20 I 1t
was PCI1, the estimated impact time world Beo-« 1 minnte Jacer, Pither way, the main
cvent starts later than expected, posaliy heoase it was very Jaint. and s 1eal onset

was below the limits of detectability

e lmpact QI: A total of three preca o vore seen from Calar Aito in the 3.1
baud (Tozzi et al. 1995). Ouly vne of tb o« o € 1) fite the expected pattern relative to
the main event start time; the others b hee labeled PCO and 1°C3 1 the table, and
remain unexplained.

e Impact R: Although Galles NInIs 1 o ¢ o available for this apact, they cannot
be used to constrain the impact tine ver. prec -y, hecanse the sanpling time was large
{(~ 11 ), and the sample nearcse the bapoer tane was missed (Cavlson of af 199501,
We adopt the impact time derived by Sei o ina this voleme) tsing tae proond based TR
light curves.

o lImpact U: A possible deteciions i~ i ted for this nopact. 1t is not elear why larger
telescopes, observing at the same e wr dor cccellent conditions, did not see the event..
The reported thime is consistent with 1hae: oy o6 thoe derived from oo final orbital
solntion, which is the time we adopt.

¢ Impact V: Light curves displaved on v oo sboot flash, which had the appearance of a
faint first precursor; no main event was socn e Vofraginent miny ave been too small
to produce a plume or main event.

4. Post-lmmpact improvermnent s to t heoa bit solutions
) I

Ihorder  to obtain  the most accurateoith final estimates of 1 oe bop et parame-
ters, it was necessary to refine the o it o from which they wore computed. The
most. 1mmpor tant improvement needodov o G oak e tho orbit solutions consistent with
the observed impact times. 11 ¢ he solurion cobd be updated to “predied” the correct
hnpact times, estimates of other purinncice s < o has the Impact lorations would alse

become more accurate. Although thie wp fa e vondd have beers accon plished by making,
the impact tiime a constraint and forcay b o0l sohition to satisfy it exictly, a better
approach was simply to use the impac ¢ an additiona) mcasmennen i the so

lution process. Accordingly, we augnent-d om onbit determination sofiwa e to handle
an impact time as a new measurcoen tvoe o T new measurcinents were assigned con-
servative uncertainties - typically 5 s 1w oe 0 the brapacts obsenved by Galileo, and
60 s or larger for fragments with iiopoct tonoes 1 ferred o ground: hased ohservations.
We also modified our definition of inpae chigh vy raising it vp to the 100 mbar level
of Jupiter’s atmosphere as defined by Tivalisl e ol (198110 but this chongee made little
difference in the final solutions.

Using, the impact times as measmcimen « s owe computed new o-bital solutions for
the 16 fragments with observed binpact j henor cna. As an additiona) 1efinement, the
planctary ephemeris was updated to the e s cearate 1115403 (Standish 1095 private
communication). As a check, impact tiee v o T predicted” from the new solutions; as
expected, they matched the accepled tin os 1o« thin the assiecned vneertainties. The
systematic 7-minute crror had been clivniiaa-d ot least for the 16 fragments whose im-
pacts were observed. Significantly, the inebis cnsoF the impact thoe 1o the orbit solutions
did not adversely affect the residuals £ ©cren - ning ob-ervations. Iy picily, they in-
creased by less than 0.1 arcsec over the cn ue ol yvation span, althooeh the differences
ranged as high as 0.3 arcsec for some fiagmnte The Tarpest changes in 1esiduals were
nearest impact. Clearly, systematic st ¢ talop corors did not hiave o be very large to
cause the observed 7-minute error i e pae o8 impact thnes. Assuming the catalog
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Fragment Data Int: 1 val Noimber Dpact Weighted  Orbit
Obs Obs, SIS Ref.
("
A 93 March 27 94 Jill\ 12 3 Y (122 A38
B 93 March 27 91 July 12 4 %) Y (20 134
C 93 March 27 91 Julv 1 1 in 32 Y 01y 8
D 93 March 27 91 Julvy 7 3 Y SIS D20
B 93 March 27 91 Julhv 150 193 Y 020 EL0
I 93 March 27 91 Julyv 1 Iy ] N (.14 133
N 93 March 27 94 Julv 1~ SR Y 01N NIV
H 93 March 27 91 Julvy R Y 08 113
K 93 March 27 94 July 14+ N Y (116 K15
1. 93 March 27 94 Julv 16 219 by 0.24 119
N 93 March 27 04 Julh 1 0 | 03 Y 1y N36
P2 93 March 27 94 Julv 149 1 LY N (14 137
1 93 July 1 94 Jdune 1700 i N 0.2 PPAG
Q2 93 March 3(I 94Julv20 19 Y 0.0 OBI3
Q1 93 March 27 94 Juiv 10 L Y 0.2) 063
R 93 March 27 94 Juiviti: ) Y 0o RAS
S 93 March 27 94 Julvio; | ) Y 0.2% Se2
T 93 March 27 94 July 7 ¢~ N 025 1
U 93 March 27 94 July i | N N 020 U241
A% 93 March 27 94.3ulvi ¢ 5 N 023 VY
w 93 March 27- 94 Julv 161 ! Y 06 WH2
Table 2. Surnmary of orbit solutions. The d. ¢ snte cal hidicares the dates of the first and last

observations used in the solutions, excluding © i pact observation, Jhe numbes of observa-
tions similarly excludes the impact oleervar o 1 e following colutan indioatey whether the
nnpact titne was used as an obscrvation tu the sodnt v The Goal twe Golmmns pive the weighted
rms residual and the orbit reference identific

errors were the culprit, the new residviols were 1oea a hetter representation of the actual
measurement cerrors. Inother words, the i lnsics of the impact time had mwed at least
a portion of the star catalog criors ot of ~he cabit solution into the resiinals, where
they belong. A small effect on the proedn tod 1900 perijove distanees was alvo noted- the
new solutions lowered then by ~ 500 0n

The inclusion of impact times was o p sl nethod for improving orbin solutions,
but it was applicable only to frasments v hose nupacis vere ahserved, How could the
orbit solutions for the other fragments b oo 0d as well? One possible technigue was
simply to add an cmpirical 7-1ninute cospoct oz o the predicted impact times for those
fragments, and usc these as pscudo opa trine - when compoting new solutions. But
this was rather ad hoe. The approosh w adon »d was 1o ituprove orbit solutions by
improving the measurcinents upon whict <l soli jons were based,

Observers Lypically captured severa! fi oaer - in cach of their astions tric images,
and reduced the positions of all the Laene 1 ving the same stars. Owm technigue took
advantage of the fact that crrors in thes st a0 por ons produced the same measutement
bias for all fragments i a given obwrva won s (A1 “observation set” s the set of
individual fragment measurements st fron o single asttometiic imaee and 1educed
together, presumably relative to a single 2ot of toference stars.) The measmement bias
can be seen clearly ina plot of the fraeacat s iduals in a civen sot. The residuals
typically cluster around a point oflsct fror the cgin by o few tenths of avcare second,
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¢ q (AU) w e Codeg) i (deg) 1L e Thn)
A 0.21620917  5.38056310  3561.50450 220537655 6.0032040 M. 24.10320

13 0.21561980  5.38065243 3510006« 22 565286 5.990210 M. 245290
v 021516872 5.3504114°1  AH1.0UNYn 220581380 5081965 N 2181127
D 021472534 538036971  abhitral: 220600306 5972065 Mar. $5.10038
F 0.21411065 5.38031878  ShL.9l61 22061378 H.96L690  Nar. 2530070
o ().21358484  5,38036243 5;.«» P31 22651006 H.94RIGE Mar. D1.96840
;7 0.21285148 538011243  asfnicaila 220 680082 593500 NMar, #6.32:145
H o 0.21177932  5.37997339 3% iindt 220728509 5912865 N 208166
K 021017545 5.37977493 PG R 220 T8RAYH HRSADTY ANlwr. U~ 056310
I,  0.20936108  5.379631"/1 PRl 220 R376504 0 DGR M, v 84854
'i‘Hic N 23

P2 020788730  5.37960765
1’1 020774507  5.37968923
Q2 020745337  5.37940298
Q1 020710426  5.37934828

e ARSIV E WAt 0.831267% Mar. 30000933

! 386270 H.8401H8 Min. 2263418
} )

To0ul< 2y 909078 820288 Mar, 2092007
#

ce -

823607 Noar, G0.23:482
H.822819 N, GH.27142

R 020658149 537923176  shivreiy 200066450 H.80L8CK M. GHRIE3D

KH]
36
N ().2()827689 5.37953629 34
35
36
< DINT 2e 0924060

RARNISE! Do 'J??‘l“su

S 020573678 537912911  san a3 D noc(;r):a SU7ES1S3 NMar. 31 50154
T 0.20550407 5.37931862 .ﬂ.;u.m;; Joon16200 5783002 Nlar, 3163843
).
)

U 0.20516743  5.37914092 ALTEE s 31T 76310 Mar 31 94118
57018000 Apr. 1.37230
ThR3T0 :\]»l. 1.63988

V020461625 537904612  hirhal bt 60TNY

W 020428226 5.37890776  3hhoantiil vl 17721
Table 3. Osculating heliocentric orbitst elvncnes to the fagments of cotsct Shoeauker-Levy 9
at cpoch 1994 May 8.0 TDB = 3D 244958100 i B e edemens are eccentticity (), perihielion
distance (g), arguinent of perihelion (o) Jonadude of the ascending node (), e lination (i),
and time of perihelion passage (7,0, The w ool abital elements are reforced to the ecliptic
plane and equinox of J2000.

with a scatter inuch smaller than the biss, Woe ¢ neluded that the bias was mostly due to
star catalog errors, while the scatter was v ool fue to the actual crrors of easmerent.

When looking at residuals, we conceatia e on the six frapmenns with thesnost accurate
orbit solutions, G, 1, K, L, Q, and W, v i b~ called the privery hragnents. These
had the largest astrometric data sets e bopo o times known to within o few seconds
from Galileo observations. Almost Gl ol 1he 37 abservation sets contained at least one
primary fragment, and most contained + vors Residuals for the priomean v frapments
typically clustered around the bias point with o scatter smaller than thar of the other
residuals. Qur estimate of the measuranest b of each observation set wies obtained by

averaging the residuals of the primary fie reene We then subacted this bias from all
meastrements in the set to obtain correstd sy ahetic” observaeions. T he o casurements
in cach set were assigned a single nose selhie o cording to the seattey of the residuals,

Because biases had been removed, toos ok e v cies were auch smaller thee in previous
solutions, typically 0.2 arcsec for hipl aa Jity o wcrvations.

To test this method, we apphiced it ta bodive nal priscary fragments 1o see whether
we could corrvectly predict the ftnpacs trooo 1o exanple, to test the niethod on frag-
ment. G, we computed observation biascs vy ave seing the residuals of the other primary
fraginents, adjusted the G observations by cabty seting ofi the biases, and computed the
synthetic solution without using the /vyt ! e as an obser wotion Vhe impact thmes
predicted by these test solutions were vy o o to the accepted tines, within 30 s in
most cases, giving us confidence that cor apre eh could predict accurate rupact times
even for those fragments whose inpacts weie o obser ved,
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e g (km) o et U (deg) i (deg) fLroer '1HB)
A 0.99860178  37359.28  A3.rdsZ: 2y 1041060 885105629 July 1698246
B 0.99859179  37635.83  A3.viht2r 2 1022704 27740 1EG July 1726248
C  0.99860684 37238.92 4321852 25 1320680 BRTOUITE Jualy 1701363
D 0.99860765  37223.01 DR IRSRINTI 2 10416 88.7/0404 July 176400
Fo 0.99860837  37208.32 13 vinhi v 1044550 88.8TH6E2 July 1777938
b 0.99860544  37300.4s 1 DAL VU 25 I6HRT 8B.280410 Julv 1817450
G 0.99861241 37121.95 S0 P 43T NOUAG94L9 July IR A6HH5
H 0.99861664 37024.28 IR METE JrDOI68492 0 RO256703 Julv 18596760
K 0.998G2089  36930.22 14 20000 220 RABTH RBLOHRL060 Julv 959007
1, 0,99862481 36841 .23 13200 s Oa8 178211 ROTELQLY July 208892
N ().99863152  36676.73 13 vhnaic UsDosO782G 89.60123%  Julv 260125
J’2 0.99863451 36604.26 21 L OREO52490 0 S9.03300% Jaly 80606
1’1 0.99863423 36611.50 1523004 SROOIA8BAN NX.2)272) July 21085685
Q? 0.99S63402 36621.70 INIIEHUE SRO20408 0 SOR3RA0G Inly 1084913
Q] 0.99862993 36731.86 18004900 Weo 30048 0L 1H04N] July ¢ 1.00939
R 0.99863325 36655.41 IKRUIRE R e 39918 V617G July Y0164
S 0.99s63588  36598.27 {420 06! 1.8 52320 00.275231 Julv e 80819
T 0.99.864005  364/39.40 L2106 s 66900 88937967 Jalv 20093115
U 0.99s63734 36567.67 IR TN TIIY Oa, 28495 0832081 Jubv 22 00104
V  0.99s63940  36521.02 FA.20%0 0 SN HUHTRG 00000 TR July 2 358099
W 0.99s63886 363538.68 76 Dy 7708 106116138 July 29 51106

Table 4. Osculating jovicentric orbi tal ¢ 1 00 s the fragments of cornet Shaerudker-Levy 0
at epoch 1994 May 8.0 TDB=JD 2119~ THOH Vhe cloments are pecentriciny (e}, perijove
distance (q), argument of perijove (, 1 L aetadsd L ascerdimg node (823 nciineion (i), and
time of perijove passage (73). The aver o 1,1 clements ave relerred 1o the ecliptie plane
and equinox of J2000.

Owr {inal set of orbit solutions were voanpe 4 using, the synthetic e hod just de-
scribed, with fipact times used a8 oboy v ion
these solutions, giving for cach fiagrens 1
weighted rms residual, an indication of whetaer oo used the Impact time as an observa-
tion, and our orbit reference idemiher H
in heliocentric form in Table 3, and jovicon i
solution for fragment 1 is included for the sirst s e The extremnely small weighted rins
residuals for these solutions, less than 12 b s for bal of the solutions, and Jess than
0.3 arcsec for the rest, 1s due Lo (the remoca’ of he weasurement biases. The attentive
reader may note that our data interva” for Soen cat Q2 begins on Mareh 3001993, well
before Q2 was seen on s own. We have w oo the Q1 position on this date s a pseudo-
measurcment. to constrain the Q2 soluion bovaus this was approxinstely the time Q2
split away from Q1 (Sckanina 1949)).

whon available, Table 2 sonnnarizes

mterval, munber of obseryvations, the

Srcroorbital elements themeseleves ae given
‘nein Table o A independent orbit

It is interesting to integrate the orhit selotior backward to 1he 1902 ponirove to see
how closely the fragments come 10gcihes <2 choves the dustering of the 1992
perijove times and perijjove distances Onple oot fragnmeats are ine uded | as ofl-train

fragments presumably split well aftes jnoion e

Ve

Fhe perijove times all fal) within a 45-
minute period, and the perijove distances woihi The inrer fragment
distances themselves are quite lavpe, bowve o

tites.

A 500 ki ranec
beoause of the dispersion in the perijove
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Figure 2. Plot of 1992 perijove distan o5 .5 porpoave tnnes of oar finad orbie solutions for
12 on-train fragments. Even though the soloicne  ve not been constrained to come together
at this perijove, they do cluster fairly well 1o pornove times, shown as doy and fraction of
day in July 1992, all fall within a 45 vt el

5. Summary of impact timmes iumpael locations, and impact
geometries
Our final estimates of the Impact i - e ocations of the fragments of SLO are

given in Table 5. The estimated impa o tene o this table are slipht revishms to carlier
estimates compiled at 1AU Collogquira 1,60 1 act was defieé to ocom at the 100-
mbar level of Jupiter’s atmosphere. 'The apact timates for sl fragments exeept J and
M are based on the independent orbin <ol wians discussed o the previons ~cction. The
estimates {or the Jost” fragments J and N owore o ained by applving om tide” distuption
nodel to the orbit for fragment Q1 anl ncvhine he astrometiy of these twe fragments
relative to Q1. The third columu of Fable 5 convms onr final pre irapact poediction for
cach of the fragments, taken from the s ol predictions we dist-ibuted elecionically on
the UMD e-mail exploder. The fourth col mie i 5 ow Hinal best estimates, which were
inferred directly from impact pheporena for 2 fragments, as describecd o section 3,
and computed from the orbit solutions fo: the rest. All thmes are as vievoed from the

Farth, and therefore include the light tiael tiv 0 The impac time uneertainties are
rough estimates which indicate om confisd noe ool in the aceepted time: 1h ey are not
forinal 1-sigma uncertainties. The inpacr ottt ele 1s jovicentric, while the longitude

is Systemn 111, measured westwards o the 1 oo The mesidian angle is 1the jovicentric
longitude of the impact point measared fror o he - idnight meridian towar ds the morning
terminator. At the latitude of the hmpacs, b b as viewod from the Farth is at
meridian angle 76 deg, aud the torminator o~ ay vridian angle 87 deg,

The final column of Table 5 gives the cue Qe ance of the impacts behing the limb,
a more useful parameter than the Farth-Jop ter-tagment (8- 137 angle we pave in our

/
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Event  _ Iinpact Time (U1 ") mpact Location Nerid Ang,. Dist.
Date Predicted  Acoepte] s .at. Ton Anels Behind Limb
(July) hills b s N deg) (des {dep! (deg)
A 16 19:59:40 2010040 [ 13.30 1& 65 10 T
B 17 02:54:13 02:51:0n e 13.27 £ 64 9y S8
C 17 07:02:14 07:10:50 (1 13.47 27 66 1] i1
D 17 11:47:00 115250 th 13.53 & GG !
I 14 15:05:31 10 118 o 13.51 16 661 6.9
13 18 00:29:21 00 55015 i 13.63 130 6530 T
N 18 07:28:32 0755330 i 3.60 20 G0y 6.1
H 18 19:25:53 10:51:54 ; 379 G G -1 6.1
J 19 02:40 01:45 ol 370 -+ 316 08 00 ~{
K Ig 10:18:32  10:941% ) .80 2N 8.V 0.5
L. 19 22:08:53 22:36:40 | 13.96 345 6S.86 I
M il 05:45 06:00 b 13.94 G169 h
N 20 10:20:02 10:29.20 2 11.31 70 686N 5.1
P2 20 15:16:20 152113 3 11,69 249 67 h8
P1 20 16:30 16:32:3% S 1000 - 203 65 90 6.9
Q2 20 19:47:11 190100 {3 11.37 A6 69.26 ST
Q1 20 20:04:09 20:13:014 ; FLOG 6 108G 1.3
R 21 05:28:50 06:31:07 1) .10 qv 7.0 4.1
S 21 15:12:49 15:16:30 61 t.29 33 T 1.0
T 21 18:03:45 18:00.5n0 T 5.01 14 (O] O
U 21 21:48:30 22:00 02 Vo 148 27x 6954 1.0
v 22 04:16:53 04:23:20 G BV 140 69.96 1.2
W 22 17:59:45 08:006:16 1113 283 7109 3
Table 5. Sutanar , oln i hines and ioc st ons

carlier sets of predictions. Theuse of the b ) o vle has led toaosmiall erer in computing,
the precise distance of the impact boed b the I by Becanse of Jupiter '~ oblatencess, the
limb of Jupiter cannot be assumedd 1o b fooste s at an b33 el of 99 dep. T fact,
at the latitude of the impacts, the lmboea ot wn o0 angle of - 903 deg, moving,
the impacts a lttle closer to the lih thie ey sly thought, Our tinal estimates put
hmpact W less than 3.5 deg behind the Ton 5

Table 6 sumnmarizes the impact velocit o av o divectione as computed fron our final
orbit solutions. These parameters ave all obates 1o the velocity of the fraciment relative
to the impact point in a frame 1otatiog with o piter st the System 1 yotation rate.
Thus, the relative velocity includes o sl cor ponent duae 1o Jupiter’s 1otation. The
incidence angle is measured from the 1a® vortie sbowhile the asinnth angle is measured
from north towards the west.

6. Pre-breakup orbital history

Backward numerical integrations of L9 cal val motion can provide duaes as 1o the
nature and origin of the object. Accinate innel dge of the coret’s pre breakup motion
is essential in scarches for the progemiter covoer woexdsting image libvaries. A e breakup
detection would enable limits to be sct o1 the = oo of the progenitor nucleas, and even
a non-detection is useful, if we could be + e o the ephameris Tanciedi of ol (1993)
reported that they did not sce the comer 30 min exposue of the Jujpiter region
taken in March 1992, which had a linitinge o0 de of 2130 Thae investigation of S1.9’s
pre-breakup motion also helps determine woc (1 comet was likely captured by Jupiter,
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Fvent Velaoity BUEGIEER Avnouth
(kin s 1 Anple {ieg)  Anple (deg)

A 61238 PR 1,37
B 6i.1Y R 13.34
} 63.29 A 1:1.80
D 61,04 Vo 11,91
I 61.3) Sh 15.08
I 61,23 I 1-1.33
3 61,36 0 15.5¢
1 G130 o 151,86
K 61106 I T 16,48
1. G1.50 N 16.86
N [ 140 16.73
1’2 61,10 R 15.93
P1 G1oon AUNE (Wi
Q2 61.53 A1) ViL1h
Ql [y N 1750
R 660 HEN 17.8
S 61.61 K 17.96
T 6111 SAY 16.06
U Ghh U | 7.38
A% 61,58 A 17.64
W 616N RIS I8.5%

Table 6. Sumtvary of irooa U bocities and directions

and provides insight into the obje Us pre capenne Teliocentiic orhit. Unforounately, §1.9%s
orbit about Jupiter was among, the 1eost chaotic of any known solar systen hody, with
an cffective Lyapunov time on the order oF 10 weors (Benner and McKinuon 1995). As
a result, a single backward numerical intearation does not provide delimitive answers on
the orbital history of this object. A butier apperoach is to account for the uneer tainties
in the initial conditions of the backvard i ceraions, and to vestipate the mnotion in a
statistical manner using a Monte Cario aralysis 0 Chodas and Yeorans 1995).

The first difliculty encountered whoo . cstipatmg SE9% pre-hreakup orbital history is
how 10 solve the Humpty-Dumpty problen v how to ebrain the orbit for the progenitor
nucleus from the orbits of the fiavments Oor =olution to this problen was siimply to
assutne that fragment X was near the coeer of - ass of the oripinal nucleos and that its
motion was unaflected by the breakup. A ot d conditions for the propenitor nucleus,
we used our orbit solution for fragment K wion with the actual orbin vuees tainties and
their correlations. Fragment K was a natveas ob e, sincee it was closest to1he mid-point
of the train. We repeated our analy-c. vl hieement 1, whiclo was also close to the
mid-point, and obtained essentially the s reonlts.

Our approach was to create a 1andom ¢! o of 2000 initiz conditions whose statis:
tics matched the actual orbital clerest pnee v nties and correlations. Priectively, a
six-dimensional uncertainty cllipzoid a0 o latid - lement space was popudated with 1000
randoin points to obtain an enscinble of 001 ¢ nditions consistent with the acinal 6x 6
covariance matrix of the orbital =olutvin. A~ b Lire, our dynamic model ineluded solar
and planctary perturbations, as well o pertoboations from the Galilean satellites and
Jupiter’s oblateness (J2 and J4 terms).

Fach sample point was integrated bachbword oo time nntdl it escaped from Jupiter, at
which point its heliocentric orbital eleimen < were “abulated. Orbits which had encounters
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Figure 3. Histogram showing the probabiiny 14 0 0 was captured in any piven vewr back to
1850, based on a Monte Carlo analysis of 24 < oo poinds, The nost likely tine of capture is

1929 14 9 vears (72% probability).

with Jupiter closer than that in 1002 vor doace ded. Fseape was defined 1o oceur when
the jovicentric eccentricity excecded unity g vh distanee from Jupiter excecided 0.7 AU.
Of course, the moment of escap in the Hoclewand integration is really 1he morent of
capture when viewed in the forward dnveton

Figure 3 shows a histogram of the nawtor of v smples which cscapec from Jupiter cach
year back to 1850, when our inteprarion s opods Nine porcent of the somples were
still in Jupiter orbit at the end of intepranicns he mest likely tine of captore, with a
probability of 72%, was 19294 9 e I 0 o1 severaldecade resideney o a captured
comet, SL9 orbited Jupiter withh a peri oV 2 30 ars and aoseno-mnajor aoxis o5 o 0.2 AU
Its orbit was highly inclined to Jupiter s oo uerar snd oszillated betwern porinds of near-
circularity and periods of high cccentoot. 17 mghout this time, the comet 1emained
within four degrees of Jupiter, as viewed i-o00 w0 Farth. Tts pre discovery cphemeris is
fairly well-determined, at least as for hack o 197 D and the ephemneris uneertainties grow
to no more than 0.25 degree (3-sipms) din ne th - thime. Prgare 4 shows aepresentative
trajectory for the captured comct in & ororatmg ovicentric frame, followine the comet
from capture in 1928 to the comcet™s firt o 30 1992 1094, Although in this example
the comet was captured from the divection of tie sun. other cases show the romet being,
pulled in from the anti-solar direction Cc nts re typically captured as they pass nea
the libration poiuts on the Jupite:- S Lo

The pre-capture heliocentric orbits of cov sy os were all of low inelinstion (7 < 6 deg)
and moderately low eccentricity (¢ < i A~ =howonin Figl b, the pre caprere onbits fell
into two groups- those orbits well yuside Japiter « orbit, and those vell nutside. On the
orbits interior to Jupiter’s orbit, captieo cecane at aphelion, while o those exterior,
capture occurred at perthelion. Nonc of the pro captine orbits crossed Jupiter's orbit.
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solar direction in 1930, and compleies

results of Carasi and Vialsecchi (1979),
biat captures occur when minor bodies
alysis for SLO capture from
capture from orbits
rresult in

These findings are consistent with the
and Kary and Dones (1995), who have ¢
approach Jupiter along nearly-tangeat « b
orbits interior to Jupiter’s orbit wis thior i more Likely the
exterior to Jupiter’s orbit. Benner and “ioKin-on (109
their integrations for SL9, and noted thist the prcferenes for capture fron interior orbits
is really just a measure of the comparaiing case with which captures (or e« spes) occur
at Jupiter’s two libration points.

An important parameter used i o, v hit
serand invariant with respect to Jupiver 50 v hich s appros
encounters with the planet (Kresik 19, The itical velue of 7,10 3 where 74, ds th
alue of 7' for i = 0, can be used to poash hetween cometary type orbits (1, < 3)
and asteroidal type orbits (7, > s parameters {or the sanples in o
analysis for S1.9 straddled this bovndirs, w ch 0 values vangin g from 29410 3.04, and
a mean of ~ 3.02, indicating that SLOS pre-¢ nture erbit was probablv asteroid-like.
However, as noted by Benner and M s (0095) the iuner distibution of possible
pre-capture orbits for S1.9 overlaps o grous of bown comets, 1eferred to as guasi- Hildas
by Kresdk. With Tisserand parenictor v < tanging ltom 3.00 to 3.01. these comets
also have asteroid-like orbits. In fact, they e ipy the same tepion in a/e phase space
as the Hilda asteroids, although they wov ot o the same stalle 32 1esonmces as the
Hildas. Three members of the quasi- Hild o P/Gehrels 30 P /Stairoova Chernykh,
and I'/Helin-Roman-Crockett, and one fon nea e iber, PO e, ane plotted in Fig. 5.
They reside comfortably inside the inner cisirib cion of possible 519 orbits. 1/Oterma
made a close approach to Jupiter in 1963, t of Jupiter,

I our ¢

obtained a «m

]

steroad- s the Tis-

of comets @
irately constant during,

«

e Lo ate orhit exlerion to th
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of foul knowncometsare shown asopenares  SClenotes PySmimnove- Chy ynveh, and HRC
denotes I'/Helin-Ro man-Crockett  1’/Chveus ol s show gy both el ore wwdsfter its 1963
close approach to Jupiter.

and nowresidesnthe outer distribuiiond o-shle SEQarbits AN for of 1hese comets
have cither been temporarily captur o d b tup crin 11 past. or will boremporarily
capturedinthe future (Yeomansand Chodi  Db). Belore stsfinal eapture, $1,9 was
probably also a member o ¢ this quase Thicy conary ¢ roup.

7. Swinmary and conclusions

This paper has reviewed the carly ottt con satation offorts for SLO0 including, the
surprising discoveries that the comet was i o bit i bout Jupiver. and that it would impact
the planct. We confirined these resulis a1 cor puted the prebability of impact, which
rose from 50% to near unity during the twoH vecl eriod after the impact crmonncement,
as more astrometric measurcments were ac fcd 1o the orbit solutions. We aluo detenmined
that the impact of the center of the train v ould cur on the far side of the planct. Afta
solar conjunction, and in the months loadiv g ap 1 the impacts, we cornputet increasingly
accurate orbit solutions for the individusl aanenes, using the prowing st of astrometric
observations. OQur predictions of the tiraes and fncations of the fmpacts vere regularly
made available to the astronomical comvoumi via the clectronic bulletin hoard and
¢-mail exploder operated by the University of M yland.

After the impacts, we estimated o acusl cnpact times frome the thies of observed
hmpact. phenomena, which we hive compiles i Table 10 Owr final poedicted himpact
times were systematically carly by -« 7 nnate probably due to systematic crrors i
the reference star catalogs used in the red o of the frapmens™ ast omenic positions.
We refined our orbit solutions by using th chved impact tinees as additonal data for
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16 of the fragments, and by cotimaring and ronoving star catalop errors from all the
astrometric observations. Our final b o ~olu ons for 23 frarments sre sommarized in
Table 2, and the heliocentric and joviocntie Chital ciements we presented in Tables 3
and 4, respectively. Our best estimate. ot fmpact times and fmpact locations are
given in Table 5. Sixteen of the hupict e veere derived hom the s of observed
impact phenomena, while the remam. thoe . were computed divectly from the orbit
solutions. The new estimates fon the inpeet cations cre 05 1 dev closer to the limb
than in previous estimates.

We investigated the pre-brealnp crbivd bis ay of SEY by performine o Monte Carlo
analysis of backward integrations, using ¢ 11 nine uble of orbits whose e and covariance
were consistent with our orbit solution. o fioprent Ko We assumed 1hat this fragment
originated near the center of mass of the jnoec vor nadens, and that its motion was uii-
affected by the breakup process. Owe ana voiss! owed that SLY hind been orbiting Jupiter
for decades before its discovery, and that i w. - most likely captured from heliocentric
orbit in 1929 . 9 years. Prior to coprnne S1LU was i a low-inclination, Jow- eccentricity
heliocentric orbit, entirely inside Jupiter - orbie or, Jess dikely, entindy onteide. Its pre-
capture orbit is consistent with o grovp ol cnos 1 comets called the quasi- Jildas.

As a part of our investigation of ST 9. e dev ped & number of new techniques with
regard to cometary orbit determingstion. Wi s ccessfully deterndned the probability of
collision of a comet and a planct. We aeciaareb predicted the times wod locitions of the
mpacts of the cometary fragments on Jopnar - Our arbit compatations nsed not only
planctary and solar perturbations, o ol 5 porocrhations duc o the Galilean satellites
aud Jupiter’s oblatencss. We includod 1he ol crved Jupiter impact thaes as data in
our post-iripact orbit solutions, and wrercfuls rernoved star catalop hinses hom the
sets of astrometric data. To om koo doier v e dvnamsical modeling of this comet’s
motion is the most complex cometary orl 1 det mination problem yet vadestaken, and
our resultant orbit solutions for the 21 foqmer v+ of cornct Shocmaker-J ooy 9 have the
smallest s residuals of any conet ta darve

This work would not have been possible woihoot the selfiess connibntions of the many
observers who supplied astrometric data £ 519 We would also ke to thamk the many
observers who provided us with the poeos Gnee of impactrelaved phenomena, Finally,
we wish to thank Z. Sckanina and . Nociosor for helpfil cornnents and sngpestions.
This work was supported by the NASA Vhive v Astrononn Proprans. The rescarch
was petformed at the Jet Propulsion Paboratcooy, Calfarnia hatituie of Technology,
under contract with the National Avvovu i oo d Space Admmistration. Support for
this work was also provided by NASA thivn ¢ ont nurnbher GO-562.1.0% 937 Trom the
Space Telescope Science Institute. whoch i oner ared by the Association of Universities
for Rescarch in Astronomy, Incorpatated, caior ~ASA conract NASH 26000,
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